Mechanical properties of textured PES yarns depend on their structural characteristics and texturing process parameters. In this work, the results of breaking characteristics of textured PES yarns formed with various technological production parameters are presented. The samples of textured PES yarns were produced on a modern machine with a short heating zone. The textured yarn was formed at the first heater temperatures of 350 °C, 400 °C and 450 °C with the constant temperature of the second heater of 180 °C and with D/Y ratio of 2.20. The texturing speed was changed in the range of 500 m/min up to 1100 m/min with stretching degrees of 1.665, 1.675 and 1.685. The results obtained can be used for the selection of optimal production parameters of PES yarn at various texturing speeds. Also, the relationships which can be applied in industry for predicting breaking characteristics depending on texturing process parameters are presented.
Introduction
The modern false twist texturing equipment is characterized by a high degree of automation, by the use of high temperature heaters about 1 meter in length instead of the old 2.5 m long heaters, which significantly reduced the size of the equipment and facilitated handling and servicing. The use of the short heating zone with the increased heater temperature (indirect heating) and reduced heating time of about 0.1 second, which ensures filament thermoplasticity sufficient for fixing yarn crimping, and with satisfactory mechanical characteristics of the textured yarn, has enabled the increased texturing speed. Polyester filament can be textured under laboratory conditions with a speed of 1500 m/min but in manufacturing plants the speed does not exceed 1000 m/min, because above this speed the process instability is increased (strain instability, higher filament breaking etc.) which results in uneven dyeing of the textured filament yarn [1] [2] [3] [4] . In the texturing process, structural changes occur in the fiber polymer [5] , mostly the disorientation of macromolecular chains. On the one hand, the torsion stress promotes disorientation of macromolecular chains and on the other hand the tension load leads to further orientation of crystal and amorphous areas. Another important characteristic of supra-molecular structures is the orientation of molecules in one direction which is expressed as the orientation degree. As a parameter of the supra-molecular structure, the orientation degree has a great impact on breaking force, breaking elongation [6] and other mechanical properties. Therefore, the aim of this work is to present the results of the analysis of breaking characteristics of textured PES yarns produced at various texturing speeds and stretching degrees in the process.
Materials and methods
The experimental part of the work includes the analysis of POY multifilament yarn with the yarn fineness of 167f36x1dtex. Texturing of PES yarn was made at various temperatures of the first heater, maintaining the constant temperature of the second heater and at various stretching degrees in the texturing zone with minimal waving of tension.
The texturing was performed on the machine for stretching friction texturing with a high temperature heater: FTF-15 (ICBT, France).
Automatic dynamometer USTER TENSORAPID 4 was used for the determination of mechanical characteristics of the experimental material [7] . Table 1 shows the test results of the mechanical characteristics of PES filament yarns. The test results of breaking forces (F¬b) and breaking elongations (εb) of PES yarns made at various production process parameters are presented.
Results and discussion
The texturing speed causes changes in the structure of filament PES yarns that affect the mechanical properties of the yarns. By changing the texturing speed, contact times between the yarn and the heater, cooling and stabilization times of textured PES yarns are changed. The results show that with the increase of the texturing speed, a trend of the decrease of breaking force values was observed for the analyzed textured yarn. Using a stretching degree of 1.675 in most cases, the trend of decreasing the breaking force was observed with increasing the texturing speed up to 900 m/min and then the trend of the increase of the breaking force was observed.
At the same time, on histograms 1-a through 3-a, the impact of the stretching degree in the texturing process on breaking force values of textured PES filament yarns can be noticed. The results show that at the stretching degree of 1.685, the analyzed yarns have mostly higher values of the breaking force at the first heater temperatures of 350 °C and 400 °C, at speeds of 900 m/ min, 1000 m/min and 1100 m/min. Also, at 450 °C and a stretching degree of 1.685, a higher breaking force value of textured PES yarn was recorded at the speed of 1100 m/min. This can be explained by the fact that with stretching filament PES yarns the orientation of macromolecules is improved in the direction of stretching forces, contributing to better mechanical characteristics of the yarns.
The results show that breaking elongation (Figs. 1-b  through 3-b) has the trend of the increase of up to the texturing speed of 900 m/min, with stretching in the texturing zone of 1.665 and at various first heater temperatures. Unlike these results, by using stretching degrees of 1.675 and 1.685, the trend of the decrease of breaking elongation of the analyzed PES yarns with the increase of the texturing speed is observed. The stretching degree also has a significant influence on the value of breaking elongation of the textured PES yarn. At lower speeds (500 m/min, 600 m/min and 700 m/min) it can be seen that at the lower stretching degree of the textured yarn, breaking elongation has higher values. This indicates that yarns with better orientation of macromolecular chains in the direction of the yarn axis have lower values of breaking elongation. At the speed of 900 m/min, the maximum value of breaking elongation can be seen at the stretching degree of 1.665 confirming the previous observation, but the other two yarns show some deviation of the results at this speed. Also, at speeds of 1000 m/min and 1100 m/min there are some deviations of breaking elongation results, and the reason for this should be looked for in settings of other technological parameters of the machine, in accordance with the shorter retention time in the first heater and insufficient time for macromolecular chains to be oriented in the direction of the yarn axis. Table 2 , the parameters of the regression equation are shown, which can be used for predicting the texturing yarn breaking forces with the stretching degree of 1.665 depending on the texturing speed with the given first heater temperature, while Table 3 contains corresponding equation parameters for the stretching degree of 1.685 in the texturing process. The results shown can be used for the selection of optimal texturing of filament PES yarns.
Conclusions
The changes of process parameters in the production of the textured yarn affect the changes in the structure of POY PES yarn, reflecting also in its breaking characteristics.
The most significant texturing process parameters are: texturing speed and heater temperature. Also, the yarn stretching degree in the texturing process has the significant influence on mechanical properties of the textured yarn.
The results obtained indicate that with increasing the texturing speed, the decrease of breaking forces of textured PES yarns occurs. Moreover, the impact of the stretching degree on the values of breaking forces of the analyzed yarns is obvious at higher texturing speeds. In contrast to these findings, the analysis shows that expected changes of breaking elongations, when applying various stretching degrees in the texturing process, occur at lower speeds.
The results obtained have shown that optimal texturing process parameters must be selected as a compromise solution in accordance with required quality parameters of textured PES yarns, as well as economy and productivity of the technological texturing process.
